The superposition principle is at the heart of quantum mechanics and at the root of many paradoxes arising when trying to extend its predictions to our everyday world. Schrödinger's cat [1] is the prototype of such paradoxes and here, in contrast to many others, we choose to investigate it from the operational point of view. We experimentally demonstrate a universal strategy for producing an unambiguously distinguishable type of superposition, that of an arbitrary pure state and its orthogonal. It relies on only a limited amount of information about the input state to first generate its orthogonal one. Then, a simple change in the experimental parameters is used to produce arbitrary superpositions of the mutually orthogonal states. Constituting a sort of Schrödinger's black box, able to turn a whole zoo of input states into coherent superpositions, our scheme can produce arbitrary continuous-variable optical qubits, which may prove practical for implementing quantum technologies and measurement tasks.
In the original Schrödinger's cat paradox, an atom decaying into its ground state |0 a causes a poisonous gas to be released, meaning the poison operationÔ P is performed. If the atom instead remains in its excited state |1 a , the gas is not released and no operation is performed, as represented by the identity operator 1. When the atom is at its half-life point, it sits in a superposition of excited and ground states and the total operation |0 aÔP + |1 a1 applies. The main ingredient of the story is not the cat, but rather the superposition of the two operations. Once it is realized, whatever creature is in the Schrödinger's box, it will be put in a superposition of the "alive" and "dead" orthogonal states. In the quantum mechanical context, states ψ and ψ ⊥ are said to be orthogonal when the overlap between the two state vectors is zero, i.e., ψ|ψ ⊥ = 0.
In the following we introduce and experimentally demonstrate a universal operation which can turn any initial state into its orthogonal. We then show how to simply modify this tool to generate a quantum superposition of the two.
The importance of quantum superposition states for enhancing the power of information processing has been widely investigated in the last decades, and a complete toolbox of theoretical machinery and experimental techniques has been developed in this rapidly evolving field. The quantum bit, or qubit, is the basic element in the quantum regime. Contrary to what happens in classical computers, where a bit can either assume the 0 or 1 values, quantum mechanics allows one to encode information also in the generic coherent superposition A|0 + B|1 (with |A| 2 + |B| 2 = 1), of the two orthogonal state vectors |0 and |1 . Out of an arbitrary initial state vector |ψ a generic qubit can be obtained by first producing its orthogonal state |ψ ⊥ , and then implementing their coherent superposition
As for single-photon qubit states, continuousvariable (CV) ones are possible candidates for realizing arbitrary qubits following this procedure. While CV qubits have usually been represented by superpositions of pairs of opposite-phase coherent states |α and | − α [2] [3] [4] [5] , the above scheme allows one to use any initial basis state |ψ . However, just like it is impossible to perfectly and deterministically clone or amplify a quantum state [6, 7] , the realization of a perfect universal NOT gate, which would turn any arbitrary input state |ψ into |ψ ⊥ , is not allowed by quantum mechanics [8] , without prior information. Despite this fundamental limitation, it has been recently shown by Vanner et al. [9] that a perfect orthogonalizer can be in principle realized even if only some very limited preliminary information about the input state is available. Given any arbitrary operatorĈ, it is sufficient to know its mean value Ĉ on the input state |ψ , to build the general orthogonalizerÔ
It is straightforward to see that whenÔ C is applied to the input state, the result is an arXiv:1407.6644v1 [quant-ph] 24 Jul 2014 orthogonal state |ψ ⊥ , such that ψ|ψ ⊥ = 0. Although the operatorĈ can be in principle arbitrary, the above procedure cannot be applied if the input states are among its eigenstates because its success probability drops to zero. An orthogonalizer of this kind was demonstrated very recently in twodimensional systems by Jezek et al. [10] . Once the orthogonalizer is in operation, any superposition of the original state and its orthogonalized state can be realized by the superposition ofÔ C and the identity 1.
where c is a coefficient determined by the superposition weight.
Here we present the first experimental implementation of the generic orthogonalization procedure of Eq.2, and use it as a basis to build arbitrary CV superposition states as those of Eq.1. A particularly simple and interesting case in this scheme is obtained when C ≡â † , the bosonic creation operator, which has no eigenstates and can thus be safely applied independently of the arbitrary state at the input. Here, one just needs to know the mean value ofâ † on the particular input state to construct the (â † − â † 1) orthogonalizer or a general qubit as prescribed by Eq.3. Both these operations can be experimentally implemented by extending some of the tools recently developed in our group. In particular, the photon creation operator can be conditionally realized by means of stimulated parametric down-conversion (PDC) in a nonlinear crystal seeded by the optical input state in the signal mode [11, 12] . The coherent superposition of this operation and the identity can be realized by mixing the (herald) idler PDC mode with a coherent light field on an unbalanced beam-splitter that erases the information about the origin of a click in the heralding single-photon detector at one of its outputs. By simply controlling both the relative phase between the input and the coherent state impinging on the beam-splitter, and the reflectivity of the latter, different superpositions ofâ † and 1 can be obtained, in particular those corresponding to the orthogonalizer and to arbitrary CV superposition states. A simplified scheme of the experimental setup is shown in Fig.1a (also see Methods). Similar techniques, involving phase-space displacement on the herald mode of conditional state generation, have been recently used for quantum state engineering up to two photons [13, 14] , and for the generation of optical CV qubits made of superpositions of squeezed vacuum and squeezed single-photon states [15] .
We tested the concept presented above by using coherent states |α =D(α)|0 as the input, whereD(α) is the displacement operator [16] . In this special case, the general orthogonalizer operator becomeŝ
and it is easy to see that, when applied to |α , this results in the displaced Fock statê D(α)|1 , which is clearly orthogonal to |α .
The repeated application of theÔ a † operator to |α then produces a set of mutually orthogonal states that can be a base for qudit encoding in a larger Hilbert space (see Methods). Fig.1b Although there are other, probably simpler, ways to produce the same final states as those obtained in this specific case [17] , we stress that our approach has a more general scope than this, and the final states reduce to this particular case only when the photon creation operator is used in combination with input coherent states. Our goal is entirely different, since we are not aiming to produce a particular quantum state, but rather to demonstrate a universal scheme for producing orthogonal and CV qubit states starting from arbitrary, meaning either non-classical or classical, inputs.
In fact, just a simple adjustment of the parameters in the beam-splitter placed in the idler mode allows one to produce various CV qubit states. In Fig.2 we show the measured Wigner functions for different equal-weight superposition states of an input coherent state with α ≈ 1 and of its orthogonal. In the different plots the phase of the resulting CV qubit is simply varied by properly controlling the relative phase between the input and the displacement coherent states and the reflectivity of the idler beam-splitter.
In the above examples, the photon creation operationâ † was used as the operator entering the general orthogonalizer recipe of Eq.2. However, the mean photon number of the state may often be more easily obtained, rather than the mean value of the creation operator. In such cases one may insert the number operatorn ≡â †â and the mean photon numbern in Eq.2, which thus becomeŝ
In order to verify the effectiveness and generality of the proposed approach, we also put this scheme to an experimental test with the setup of Fig.3a , which is similar to the one first developed for testing the bosonic commutation relation [18] (see Methods). Such a setup conditionally produces the arbitrary superposition of operators
which is seen to be proportional to (n + B A+B 1) using the bosonic commutation relation. Therefore, the generic orthogonal state to one of mean photon numbern can be straightforwardly implemented by adjusting the setup of Fig.3a so that B A+B = −n. This approach, where the full orthogonalizing operation is performed using two operators, can also be viewed as a generalization of Eq.2:
It is seen that, when used in combination to input coherent states |α , this scheme results in the same orthogonal state as for the previous example. Fig.3b and c show the measured quadrature distributions and reconstructed Wigner functions for such input and orthogonal output states, as obtained for α ≈ 1.
In conclusion, we have shown the first experimental application of a universal orthogonalization procedure to arbitrary CV optical states. Relying on a very limited amount of preliminary information about the input states, we verified the effectiveness and generality of this powerful technique through the illustrative examples of the photon creation and photon number operators. Simple modifications in the experimental parameters also allowed us to produce CV qubits based on the superposition of an arbitrary input state |ψ and its orthogonal |ψ ⊥ , in close analogy to a Schrödinger's box able to turn any input creature into a superposition state. Our general scheme can be applied to various physical systems including phononic states of ions in a trap and nanomechanical oscillators [9] . Besides its immediate implications in the context of quantum information processing, the production and control of the most distinguishable type of superposition in terms of unambiguous discrimination, that of a pure state and its orthogonal state, may also represent a first step toward the test of quantum-toclassical transition models [19] [20] [21] [22] [23] [24] .
Appendix

Experimental setup
We use a mode-locked Ti:sapphire laser emitting a train of 786 nm picosecond pulses at a repetition rate of 80 MHz for producing the input coherent states |α and, after frequency doubling to 393 nm, as the pump for degenerate, non-collinear, parametric downconversion in a 3-mm long β-barium borate crystal. We obtain stimulated PDC by synchronously seeding the crystal with the coherent state pulses along the signal mode. Heralded photon addition in such a mode is conditioned on a single photon detection by an avalanche photodiode (SPCM) placed in the idler mode after narrow spectral and spatial filters (see [11, 12] ).
For the orthogonalizer and CV qubit realization based on the photon creation operator and schematically depicted in Fig.1a , we need to make the clicks of the SPCM due to photon addition indistinguishable from those coming from an ancillary coherent state |β . Differently from the conceptual scheme shown in the figure, we don't combine the modes on a beam splitter, but rather make use of the polarization degrees of freedom. The ancillary coherent state pulses |β are originated from the same laser pulse train and injected along the PDC idler channel with an horizontal polarization. Since we exploit type-I parametric down-conversion with an horizontallypolarized pump, such an idler injection does not contribute to stimulated emission, nor it interferes with the vertically-polarized seed |α coherent pulses injected along the signal mode. By placing a polarizer, slightly rotated from the vertical position, in front of the SPCM we can adjust the relative weight of the photon addition and identity operations in the operator superposition. Their relative phase is controlled and actively locked by translating a mirror mounted on a piezoelectric transducer in the path of the |β pulses.
The experimental setup used for the orthogonalizer based on the photon number operator and schematically depicted in Fig.3a is based on that first used for the implementation of the commutator operator [18] . It relies on the coherent superposition of two inverted sequences of photon creation and annihilation operators by means of a beam-splitter (BS) that mixes the heralding modes of the two photon-subtraction operations. A coincidence between the clicks from two single-photon detectors, one at the output of the beam-splitter, and the other on the herald mode of the photon addition stage placed between the two subtraction ones, certifies that a sequence of photon addition and subtraction has certainly taken place, but leaves their order unknown. By adjusting the beam-splitter reflectivity and the relative phase between the two subtraction herald modes, a generic superposition of the two sequences like in Eq.6 can thus be realized. The relative weights between the two inverted sequences of operations is then properly adjusted according to the mean photon number of the input states.
The conditionally generated output states are finally analyzed by means of a highfrequency, time-domain homodyne detector [25] triggered by single SPCM clicks in the case of the scheme utilizing the photon creation operator or coincidences between the clicks from two SPCM detectors (one for photon addition and one for a delocalized photon subtraction) in the photon number operator case.
Theory considerations
A set of orthogonal states may be constructed by repeated application of the operatorÔ a † ≡ (â † − α * 1) to |α . Furthermore, the result will be the same forÔ a †Ô a † |α , and on to states of formÔ n a † for n ∈ Z + . Thus with this operation we can construct a set of mutually orthogonal states.
We now consider the theoretical implementation of the scheme in Fig.1a , which generates the operation ofÔ a † . The PDC operation is to add a photon to |ψ , heralded by a photon generated in the second mode [26] . Including the beam-splitting operation between this second mode and the coherent state |β , the total operation is represented bŷ B(|1 â † +|0 1)|β |ψ , where the input |ψ is in the same mode as the bosonic operatorsâ and a † . Here,B is the beam-splitter operator [26] , which acts on coherent states mixed with the vacuum asB|0 |β = |−rβ |tβ , where r and t are the reflectivity and transmittivity of the beam-splitter. The final step in this method is to project the expression onto |1 |0 , yielding
up to an overall global phase which is omitted to better see the similarity of the result to operatorÔ a † . Using the unitary transformation byD(α) ofâ † [26] and Eq. 4, it is straightforward to seê
ThusÔ m a † |α ⊥Ô n a † |α for any m = n. Such an expression may also be produced for the photon number operatorn =â †â , where ideally the operator isÔ n =n −n1, withn the mean photon number. This approach, described in Fig.3 , begins with the expressionB(e iφâ †â |1 |0 +ââ † |0 |1 ), where this time it is noted thatB|1 |0 = t|1 |0 +r|0 |1 . Following the measurement again of |1 |0 , the resulting expression, up to a phase, iŝ n − r t − r 1, (9) where r t−r can be set to equaln with the appropriate adjustment of the beam-splitter.
